As a high specific speed pump, the contra-rotating axial flow pump with two rotors rotating reversely has been proved with higher hydraulic and cavitation performance, while in our previous researches, the potential interaction between two blade rows was distinctly observed for our prototype rotors designed with equal rotational speed for both front and rear rotors. Based on the theoretical and experimental evidences, a rotational speed optimization methodology was proposed and applied in the design of a new combination of contra-rotating rotors, primarily in expectation of the optimized blade pressure distributions as well as pertinently improved hydraulic performances including cavitation performance. In the present study, given one stationary and two rotating frames in the contra-rotating rotors case, a pressure measurement concept taking account of the revolutions of both front and rear rotors simultaneously was adopted. The casing wall pressure data sampled in time domain was successfully transferred into space domain, by which the ensemble averaged blade-to-blade pressure distributions at the blade tip of two contra-rotating rotors under different operation conditions were studied. It could be seen that the rotor pair with the optimized rotational speed combination as well as work division, shows more reasonable blade-to-blade pressure distribution and well weakened potential interaction. Moreover, combining the loading curves estimated by the measured casing wall pressure, the cavitation performance of the rotor pairs with new rotational speed combination were proved to be superior to those of the prototype pairs.
Introduction
The contra-rotating rotor-rotor combination in rotating machinery has been increasingly discussed in boththe hydraulic and the aerodynamic fields as a promising resolution toenergy conservation, performance optimization as well as machine size compacting [1, 2, 3] .In theaxial flow pump case, with the outflow swirl of the upstream front rotor converted into additional hydraulic head by the downstream rear rotor, our prototype contra-rotating rotors have been proved with higher hydraulic performances and remarkably compacted structure compared to the traditional rotor-stator combination under the same design specifications [4, 5] . Moreover, its efficiency and related performances could be widely improved by the separated rotational speed control on each rotor at the off design flow rate range [6] , making it further favorable to the modern industries as a type of high specific speed pump.
Nevertheless, designed with a large rotational speed, the rear rotor shows a highly raisedstagger angle γ compared with the downstream stator in the conventional axial flow pump [4] , implying the significant interferences between the low pressure regions of the rear rotor and the high pressure regions of the upstream front rotor. Such severe blade rows interactions and consequent deficiencies were confirmed in the experiments and the numerical simulations for our prototype contra-rotating rotors [7, 8] , in which both rotors were designed with the equal head rise (H f =H r =2m) as well as the same rotational speed (N f =N r =1225rpm).
Hence in our subsequent studies, a rotational speed optimization methodology was proposed, by which the speed combination as well as the head division between the front and rear rotor was determined in consideration of rotor-rotor interaction suppression and flow structure optimization [9] . With this concept applied a new rotor-rotor combination (herein named RR3 pair) was specified with unevenly divided hydraulic head (H f >H r ) as well as unequal rotational speed (N f >N r ). In the subsequent researches by both experimental and numerical simulation approaches, the newly designed rotor pair wasconfirmed to highly satisfy the design specifications, indicating the effectiveness of the rotational speed optimization methodology in terms of the overall performances optimization for the contra-rotating rotors [9] .
In the presentstudy, the impacts of the optimized rotational speed combination on the internal flow properties were majorly investigated by experimental approaches. Due to its close proximity to the blade tip, the casing wall has long been known for its informative pressure and thermal field, by which various internal passage flow properties could be investigated. By means of the frequency spectrum analyses on the pressure data measured at the casing wall, Kameier et al. investigated the tip clearance noises and related rotating instabilities for the axial turbomachines [10] . And Yamamoto et al. researched the tip leakage flow and the rotor-stator interactions inside an axial flow turbine by measuring the casing wall pressure distribution using high response pressure transducers [11] . As our major experimental approach in the present researches, the static pressure on casing wall was measured from upstream to downstream of the both rotors to investigate the blade-to-bladepressure distribution under different rotational speed combinations.
Fixing the measurement systems in the stationary frame, numerous researchers established the ensemble averaged distribution of specific flow characteristics inside the rotating machinery by measuring synchronized to the rotation of rotor blades [12, 13] . Compared with thetraditional rotor-stator combinationsin their studies where only two frames (one stationary and single rotating frame) exist, the contra-rotating rotors (requiredone stationary and two rotating framesto be considered) appear rather complicated to be tracked during experiment. Considering the pressure transducers located on the casing wall (stationary frame)relatively move in both rotating frames, a measurement concept taking account of the revolutions of both front and rear rotorssimultaneously was developed in our previous work [7] . Based on this measuring concept, the new rotor pair's pressure data sampled in time domain was successfully transferred into space domain, and the blade-to-blade pressure distributions under various rotor-rotor relative positions were derived.In addition, the loading curves of two types of rear rotors at the design flow rate were established from the measured casing wall pressure, by which the cavitation and other performances of both contra-rotating rotor pairs were investigated.
Design Specifications for Contra-Rotating Rotor Pairs of Two Rotational Speed Combinations
As the schematic velocity triangles shown in Fig. 1 , in the contra-rotating rotor pairs, the outflow swirl of the upstream front rotor is able to be converted into additional head rise by the downstream rear rotor, remarkably contributing to energy conservation and pump size compacting for the axial flow pump [4] . Nevertheless, the benefit of higher theoretical head rise is accompanied by the higher stagger angle γ of rear rotor, which is herein defined as the angle of the blade profile chord to the axial direction as illustrated in Fig. 1 . Hence, compared with the traditional downstream stator, the rear rotor appears with the low pressure fields more towards to the upstream rotor's pressure surfaces, implying severer interferences between the pressure fields of two blade rows. An optimized rotational speed combination, in which the rear rotor rotates at a relatively lower speed(N f >N r ), was expected to result in a rationalhead division among two rotors as well as to optimize the blade-to-blade pressure distribution. Based on the theoretical and the experimental evidences, a rotational speed optimization methodology was proposed in our previous researches [9] , by which the new rotational speed combination was derived as follows:
A new rear rotor (named RR3) was then designed with the optimized velocity distribution by the two dimensional design methods [9, 14] . Theidentical front rotor employed in the prototype rotor pair (herein named RR2 pair) was again applied, but was designed to work at an alternative operation point with maximum efficiency. The total pump head rise and the rated flow rate were also specified asH=4m andQ=70L/s respectivelyconsistent with the previous rotorpair. Table 1 gives the major design specifications for the new rotor pair and one of our prototype rotor pairs RR2. The design working condition of the front rotor in the RR3 pair was specified as its optimum one which was identified fromthe dimensionless performance curves obtainedfor the RR2 pair inprevious experiments. In Table 2 , the major profile parameters of two types of rear rotors are respectively summarized, and the hub and tip profiles of both rotors are represented in following Fig. 2 .
It is obvious that, the new rear rotor with the rotational speed optimization methodology applied shows lower stagger angle γ and larger attack angle α at most of span compared with the RR2 type. Herein 'x f /l' denotes the chordwise location of maximum camber for the blade profile. Compared with the RR2 rear rotor which employed the NACA44 series as its blade profile, the rear rotor RR3 solely adopted the same thickness distribution, and its maximum camber location x f /l was designed to be variable in spanwise which was proposed to be effective in the secondary flow suppression by Zangeneh [15] . 
Fig. 2 Hub and Tip blade profiles for two contra-rotating rotor pairs
From the experimentally obtained total performance curves for both contra-rotating rotor pairs and the numerical simulation results at several operation conditions presented in Fig. 3 , it is clear that the newly designed rotor pair RR3 highly satisfies the design specification (H=4mat Q=70L/s) with a relatively higher efficiency, and appears with superior hydraulic head in a large flow rate range (Q>28L/s). In the rather lower flow rate range (Q≤28L/s), it suffers from a more pronounced positive slope on its hydraulic head curve, which is believed to be induced by the severe separation in the rear rotor's boundary layer under overwhelming adverse pressure gradient [16] . 
(a)Total head and effciency (b)Head of individual rotor Moreover, both the front and the rear rotors in the RR3 pair meet their respective design specifications described in Table 1 . With the reduced rotational speed design the new rear rotor RR3 persistently offers lower hydraulic head for almost the whole flow rate range, while the head rise of the RR2 type gets highly beyond that of the front rotor asthe flow rate reduces from the design condition (Q=70L/s).
Experimental Approaches
In the present study, in order to understand the impactsofthe rotational speed combination on the contra-rotating rotors' internal pressure field, the blade-to-blade pressure distribution were established from the casing wall pressure measured at totally sixteen pressure taps (Ch1~16 in Fig. 4 ) using the strain-gage typepressure transducers.The detailed measurement procedure will be given below.
Fig. 4 Pressure taps in rotor pair RR3

3.1Measurement system
By now, numerous researchers have experienced establishing the ensemble averaged distributions of specific flow characteristics inside the rotating machineries by measuring themsynchronized to the rotation of rotor blade. For examples, with a counting system detecting the rotor blade position, Ottavy et al. reconstructed the velocity fields underthe various rotor-stator relative locationsfor high speed compressors [12] . Estevadeordal et al. reproduced the flow fields at the certain rotor locations in a low speed axial fanwith a measurement system synchronized to the blade position [13] .
Compared with thetraditional rotor-stator combinationsin their studies, the contra-rotating rotor-rotor case requires one stationary and two non-synchronized rotating framesto be considered, so that the measurement system located in the stationary framerelatively moves in thetwo rotating frames. The dataacquisition for ensemble averaging cannot be made only synchronized to any single rotating frame, but must be done with theboth rotating frames tracked. In that case, the measurement can be doneunder any required spatial relationship betweenthe three frames, and the ensemble averaged flow fields under any rotor-rotor relative position are available.
Fig. 5 Schematic measurement system
The pressure data on the casing wall are picked up by the pressure transducers (Kyowa Electronic Instruments Co., Ltd., PGMC-A-200KP), and then amplified by their respective amplifiers (Kyowa Electronic Instruments Co., Ltd., DPM-603A). Initiated by a preconditioned trigger signal, which is given as the reference ofperipheral positionof two rotors as described later, the data acquisitions of analog signals with a given sampling frequency are continuously carried out at least for one revolution of the both rotors by an A/D converter equipped in a personal computer.To obtain the blade-to-blade pressure distributions, the trigger signal is important, which is generated by the following way.
In our measurement system, as schematically displayed in Fig. 5 , the inner and the outer shafts connected with their respective motorsseparately drive the front and the rear rotors. At the end of each shaft, an electromagnetic detector (Ono Sokki Co., Ltd, MP-981), which generates a single pulse signal per revolution of the corresponding motor, is equipped with a mechanical device. Such device enables us to adjust the timing of pulse generation, i.e., the peripheral position of the respective rotor at arbitrary moment.By using an AND circuit for two pulsesgenerated at the preferred peripheral position ofthe respective rotor, we can obtain a single pulse under known peripheral position of the both front and rear rotors, which is used as the trigger signal for the pressure data acquisitions.
As forthe sampling frequency, we consider the 5º relative rotation between the front and the rear rotors as a single time interval, resulting in the following formula which determines the time interval of data acquisitions from the rotational speeds of rotors. 
3.2Measurement method of spatial conversion and data rearrangement
Since the spatial relation between the front and the rear rotors changes constantly, we obtain the ensemble averaged blade-toblade pressure distributions by collecting the data with the samerelative peripheral position∆θbetween the two rotors. To do so, we have to convert the time-dependent pressure data measured in the stationary frame by the above method into the spatial domain under the same value of∆θ, which can be done through the following procedure.
We specify a reference line in the stationary frame as depicted by a magentaline in Fig. 6(a) . Each rotor's peripheral position in the stationary frame,θ f andθ r , can be specified at any instances from the peripheral locations of respective blade F1 and R1 relative to the reference line, asθ f (t)= θ f0 +ω f tandθ r (t)= θ r0 -ω r t marked in Fig. 6 (a) , whereθ f0 andθ r0 denote the peripheral locations of F1 and R1 at the trigger instance,ω f andω r the angular rotating speeds of the front and the rear rotors, and t time duration after the trigger. Now, the rotor-rotor relative positionΔθ(t) represents as follows with the rotation direction of the front (rear) rotor set as positive (negative).
We can basically obtain any values forθ f0 andθ r0 by setting the trigger pulse signals individually for the front and the rear rotors. By measuring the time-dependent pressure data with the appropriately determined values of (θ f0 -θ r0 ), collecting the data under the same∆θbut at different time t, and re-arranging them into the blade-to-blade domain as demonstrated in Fig. 6(b) as an example for∆θ=0, the blade-to-blade pressure distributions are capable to be acquired. Determining the proper trigger timing, i.e. appropriate setting of (θ f0 -θ r0 ), is essential to obtain the full fieldblade-to-blade pressure distributions. Given the sampling frequency, i.e. the sampling time intervalΔt, of pressure measurements, we can determine (θ f0 -θ r0 ) from Eq.(3) as follows.
where k is an integer. Setting k=2n m (n m =0,1,2,…,35), we can obtain the fullblade-to-blade pressure distributions in every 10 degrees of , the relative peripheral positionof the front and the rear rotors.
3.3Measurement settings for rotor pairs of two rotational speed combinations
With the considerations mentioned above, the pressure measurement experiments for thetwo rotor pairs RR2 and RR3 are specified with different parameters based on their respective rotational speed combinations as listed in Table 3 . It isclear that the differences in the design rotational speed result in the different sampling time interval Δt and thesampling number n s in one measurement experiment set. Each measurement experimentisdesigned to be repeated at least 10 times for the ensemble averaging.
Results and Discussion
Based on the measurement methods described in the previous sections, the blade-to-blade pressure contours under various rotorrotor relative positions for the both RR2 and RR3 rotor pairs were established. For a better understanding in the two rotor pairs' internal performance differences, all the pressure data was transferred into the hydraulic head H [m] relative to the static pressure measured at the pump inlet section. And all contours were established with the reference line (the magenta chain line in Fig. 6 ) set as Z-axis (longitude 0º) at the left boundary of graph. Figure 7 presents the blade-to-blade casing wall static head distributions of the two rotor pairs,RR2 and RR3, for the relative rotor position of∆θ=50ºat their respective design condition ofQ=70L/s. Even at the design condition, the difference of pressure distribution is distinctive.
4.1Pressure distribution in both rotor pairs at design condition
As described in the previous sections, the different rotational speed design concept results in the rearranged head division in the rotor pair RR3 as H f =2.15m and H r =1.85m. Consistent with the design expectation, from the contour levels marked by color and number in Fig. 7 (a) , it can be clearly seen that, the front rotor shows a reinforced high pressure region while the rear rotor shows a weakened low pressure region in the RR3 rotor pair. As one of the essential results of the reduced rotational speed design, the lower stagger angle for the RR3 rear rotor doesnot appear to be obviously effective in reducing the interference of two blade rows' pressure regions. This is perhaps because the head rises of the both rear rotors are still in a relatively low level at the design condition.
(a) Pressure distribution of RR3 pair at Δθ=50º But generally, the pressure field in the middle position of two blade rows appears to be less impacted and better persisted on a high pressure level for the new rotor pair RR3, which also could be supported by the axial distribution of the averaged casing wall pressure shown in Fig. 8 . Between the sections 'A' and 'B' (marked by dark blue lines in Fig. 7) , the circumferentially averaged casing wall pressurewas found to be decreasing in the rotor-rotor gap region of the RR2 rotor pair, while there is no obvious pressure change was observed for the RR3 rotor pair.
In our previous investigations by both the experimental and the simulation approaches [8] , under the design condition, the tip parts of the RR2 blades were found with negative incidence angles and stagnation points located at the suction surfaces, which was known as fairly unfavorable for the cavitation performance [17] . From Fig. 7 (b) , although the stagnation points of the RR2 profiles are not clear to be recognized, such deficiencies could be identified by the aft-loading situation of those profiles. With the consideration of superior cavitation performance, the positive incidence angle was emphasized in the design of RR3 profile [9] . As shown in Fig. 7 (a) , the RR3 profiles appear with the lowest and the highest pressure regions oppositely located at the suction and the pressure surfaces near the leading edge, implying that the RR3 rear rotor meets such a design expectation with more loading at the fore part of the profile.
4.2Pressure distribution in both rotor pairs at off design condition
As shown in Fig. 9 , the differences of pressure properties in two rotor pairs has grown more significant at the off design flow rateofQ=28L/s. From the respective performance curves in Fig. 3 (b) , it could be seen that, at this flow rate, the head rise of the rear rotor goes up to a fairly higher level compared with that of the front rotor in the RR2 combination, while the head rises offered by the two rotors are still comparable in the RR3 pair.
(a) Pressure distribution of RR3 pair at Δθ=50º Δθ=50º at Q=28L/s Consistent with the performance properties shown by Fig. 9 (b) , in the RR2 rotor pair, the front rotor shows a weakened and vulnerable high pressure field while the rear rotor shows a rather strong low pressure field. In addition, with its high stagger angle the rear rotor RR2 represents the low pressure fieldsstraightly towards upstream, resulting in significant impacts on the front rotor's high pressure fields. From Fig. 9 (b) , it could be easily seen that the RR2 pair's pressure field between the two blade rows is majorly dominated by the low pressure regions of the rear rotor, and the front rotor's high pressure regions are limited in the narrow ranges closed to its pressure surfaces. Hence, in the RR2 rotor pair, the static pressure was believed to be significantly decreasing from the front rotor downstream to the upstream of the rear rotor, which was pertinently confirmed by the axial distribution of circumferentially averaged casing wall pressure [18] shown in Fig. 10 . In contrast, from the performance curves shown in Fig. 3 (b) , with the rotational speed optimization methodology applied in the RR3 pair, the front rotor persistently offered superior head rise for almost the whole flow range. Hence as shown in Fig. 9 (a) 
more towards to its own blade passages, which further weakens the interaction between the pressure fields of the two blade rows. In Fig.  10 , the circumferentially averaged static pressure in the RR3 rotor pair shows a slight decreasing tendency between the section 'A' and 'B' while a significant pressure reduction is seen in the RR2 rotor pair. Generally, with various benefits from the optimized rotational speed design, at the rather low flow rate, the pressure field between the two blade rows inthe RR3 rotor pair suffers less pressure vibration and be capable to remain on a high pressure level.
Extractions of blade loadings
To estimate the loading situation of theblade tip profile by the casing wall pressure measurement results, the pressure on the tip profile is derived from the adjacent nodes on the measuring meshes which are illustrated in Fig. 11 .
Due to the existence of theblade tip leakage flow, the pressure distribution at the exact blade tip is known to bedeviated from the theoretical results. Numerous researchers have confirmed that the tip leakage flow remarkably accelerates around the corner between the pressure side and the tip surface, where it enters into the tip gap [19, 20] , which results in asignificant static pressure reduction at the corresponding position. In our measurements on the casing wall static pressure, such reduction starting from the pressure surface (PS) has also been captured as marked by 'D' in Fig. 11 . Hence, both the interpolation and the extrapolation were employed to respectively predict the blade tip profile loading curves with and without the deficiencies induced by the tip leakage flow. As shown in Fig.11 , the pressure at a certain location 'P1' intersected by the blade profile and measurement mesh could be obtained by the circumferential linear interpolation using two adjacentnodes P(j, i-1) and P(j, i). Due to the large stagger angle of the rotors as well as due to the thin blade profile, the extrapolation was proved to be more rational in the axial direction, so that the pressure at a location 'P2' was obtained by the linear extrapolation using the upper two nodes P(j+2, i-1) and P(j+1, i-1). Figure 12 shows the pressure coefficient distribution C p along the chord (x/l) for the rear rotors' tip profile at the design flow rate. Both the interpolation and extrapolation results are shown and are compared with the numerical ones, which are extracted from the unsteady simulation reported in our previous paper [9] .
The pressure coefficientC p is herein defined as
wherep in is the averaged static pressure measured at the pump inlet section, U t the peripheral velocity of the blade tip. SS and PS in the figure respectively abbreviate the suction and the pressure surfaces.
Since our measurement meshes are relatively coarse in the axial direction and the blade tip profile especially for the RR3 type is thin, the loading curves predicted by the extrapolation approaches appear to be more fluctuated, and not capable to recognize the critical pressure gradient at the leading edge.Nevertheless, the pressure variation tendencies on both surfaces of each rotor offered by the experimental and the simulation approaches well coincide with each other. The extrapolated data is very similar to the simulated pressure distribution at r=0.98r c , and the interpolated data with the simulated pressure on the casing wall. The sharp static pressure drop on the pressure side indicated by arrows is caused by the acceleration of tip leakage flow into the tip gap, which is well captured by the present experiment.
As observed on the pressure contours in the previous sections, the newly designed RR3 rear rotor presents a fore-loading situation, while RR2 type shows an aft-loading status which has long been known as fairly unfavorable for the cavitation performance [17] . For the RR2 rear rotor, both the experimental and the numerical results represent that the SS pressure exceeds PS pressure in a narrow region around the leading edge as shown in Fig. 12 (a) and (b) , pertinently indicating the stagnation point located on the suction surface. Therefore, the pressure surface is likely to suffer cavitation in such region in the case that the ambient pressure reduces to a rather low level.
The RR3 rear rotor, which has been designed with the attack angle α around 8°, shows extremely high loading at the leading edge according to the CFD results ( Fig. 12 (d) ), which is rather typical under this level of attack angle [21, 22] . Ascribing the fluctuating curves in the experimental results to the errors induced by the extrapolation, we believe the loading curves of the RR3's tip profile highly resemble those obtained by the CFD; the pressure on the RR3 blade's suction surface is supposed to increase monotonously along the chord. Therefore, despite the relatively lower pressure near its leading edge at the suction surface which implies possibly earlier cavitation inception compared with the RR2 blades under an equal ambient pressure, the RR3 is still believed to be with superior cavitation performance since the cavitation is supposed to be well limited on the suction surface. 
Conclusion
In the present study,a measurement concept of the blade-to-blade pressure distributionstaking account of the revolutions of both front and rear rotors in a contra-rotating axial pump was proposed and carried out for the rotor pairs designed with two kinds of rotational speed combinations, an equal speed one and a different speed one with the lower speed of rear rotor. Combining the loading curves obtained by the fitting and the interpolation/extrapolation methods, the cavitation and other pertinent performances of two types of rear rotors were investigated. By now, the major observations could be concluded as follows: 1) With one stationary and two rotating frames in the contra-rotating rotors case,we have to consider the relative rotation angles of the both rotors simultaneously to obtain the blade-to-blade pressure distributions. This was achieved using two rotation pulses respectively given and controlledby the front and the rear rotors, and utilizing the product of the two pulses as a trigger pulse for the measurement.
2) With the rotational speed optimization methodology applied in the RR3 pair, the front rotor persistently offers superior head rise for almost the whole flow range. Hence the pressure field in the middle position of two blade rows appears to be dominated by front rotor's high pressure regionand to be less impacted by the pressure field of the rear rotor.
3) Moreover, as one of the essential results of reduced rotational speed design, the lower stagger angle of the RR3 rear rotor results in the low pressure regions more towards its own blade passages, further reducing the impact to the pressure field around the front rotor.
4) Under the design condition, both the pressure contour and the loading curves obtained by the extrapolation method represent a favorable fore-loading situation for the RR3 profiles, indicating its superior cavitation performances compared with the prototype RR2 type.
